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Staphylococcus aureus is one of the main etiological agents of mastitis in different 22 mammalian species. At present, it is unknown if strains isolated from human mastitis 23 cases share phenotypic properties and genetic background with those obtained from 24 animal mastitis cases. Therefore, the objective of this study was to characterize S. 25 aureus strains isolated from women with lactational mastitis and to compare them with 26 strains responsible for bovine mastitis and non-infectious strains. All the strains were 27 genotyped by both Pulsed Field Gel Electrophoresis (PFGE) and Multilocus sequence 28 typing (MLST) and submitted to a characterization scheme that included diverse assays 29 related to pathogenic potential and antibiotic resistance. Apart from siderophore 30 production, no significant association was observed between the strains from bovine 31 and human mastitis. Statistical differences between human-and bovine-mastitis 32 associated strains were detected for some traits and virulence determinants; such as the 33
Introduction
40
Mastitis is the inflammation of the mammary gland mainly due to a bacterial 41 infection and it is characterized by a variety of local and systemic symptoms. In 42 Veterinary Medicine, the number of studies dealing with the distribution and 43 characterization of the bacterial species involved in mastitis is considerable (Vasudevan 44 et al., 2003; Fueyo et al., 2005; Smith et al., 2005; Kozytska et al., 2010) . In contrast, 45 scientific articles on the bacteria causing infectious mastitis in lactating women are 46 scarce and most are, at least, 10 years old (Foxman et al., 2002) . However, this 47 condition is relatively common since its incidence oscillates between 5 and 33% of 48 lactating mothers (WHO, 2000; Foxman et al., 2002) . Staphylococcus aureus (Thomsen 49 et al., 1983; Riordan & Nichols, 1990 ) and coagulase-negative staphylococci (Delgado 50 et al., 2009) are among the most common etiological agents although, unfortunately, 51 6 115
Detection of genes encoding toxins, adhesins and other virulence determinants 116
The presence of different toxins, adhesins and other virulence factors, including 117 some antibiotic resistance genes, was screened by PCR using the primers described in 118 Table 1 . For the detection of the four hemolysin genes (hla, hlb, hlg, hld) a multiplex 119 PCR method was developed with the following conditions: 1 cycle of 95 C for 5 min, 120 30 cycles of 95 C for 1 min, 58 C for 1 min, and 72 C for 2 min, and a final 121 extension of 72 C for 10 min. The genes encoding four adhesins (fnbA, clfa, sdrE, ebpS) 122 were detected by multiplex PCR. The PCR program consisted of 1 cycle of 95 C for 5 123 min, 30 cycles of 95 C for 1 min, 50 C for 1 min, and 72 C for 2 min, and a final 124 extension of 72 C for 10 min. Each multiplex PCR reaction mixture consisted of 3 mM 125 MgCl 2 , 1.5X Taq buffer, 4 mM each dNTP, 2.5 U EcoTaq polymerase (Ecogen, 126 Barcelona, Spain), 10 M of each primer and 1.5 l of purified DNA. Single PCR 127 reactions were used for screening the rest of the genes with standard concentrations of 128 the components in the mixtures and the conditions originally described (Table 1 ). The 129 use of different annealing temperatures in these reactions is specified in Table 1 . 130
131
Determination of minimal inhibitory concentrations (MICs) to antibiotics 132
The determination of the MICs to several antibiotics commonly used against 133 staphylococcal infections was performed by a microdilution method using the Sensititre 134 plates Staenc1F (Trek Diagnostic Systems, Cleveland, USA) following the 135 manufacturer's instructions. The antibiotics analyzed were: penicillin, ampicillin, 136 amoxycillin-clavulanic acid, teicoplanin, chloramphenicol, erythromycin, mupirocin,7 nitrofurantoin, trimethoprim-sufamethoxazole, tetracycline, vancomycin, linezolid, 139 quinupristin-dalfopriscin, and rifampin. 140
Phenotypic assays 142
a)
Determination of hemolytic activity. Hemolytic activity was assayed on 143
Columbia agar plates supplemented with 5% sheep blood (bioMérieux, Marcy l'Etoile, 144
France) following the procedure of Freney et al. (1999) . After an incubation of 72 h at 145 37 C, plates were analyzed and the strains were considered hemolytic if complete lysis 146 of the red blood cells surrounding the colony was observed (halo ~1.5 mm). 147
b)
Slime production. The ability of the isolates to form slime was assessed using 148 the Congo Red Agar assay (Freeman et al., 1989) . The plates were incubated at 37 C 149 for 24 h followed by additional storage at room temperature 24 h. Isolates displaying 150 rough black colonies were considered as slime producers while those showing red 151 colonies were negative. 152
c)
Biofilm formation ability. Biofilm formation was assayed using a microtiter 153 plate assay as described Vasudevan et al. (2003) with some modifications. Strains were 154 grown in Brain Heart Infusion and the cultures were diluted 1:200 in Tryptic Soy Broth 155 (Oxoid) supplemented with 0.25% glucose. Aliquots of 200 l of each dilution were 156 placed into 96-well "U" bottom polystyrene microtiter plates and incubated for 18 h at 157 37 °C. The wells were washed three times with 300 l of sterile phosphate-buffered 158 saline (pH 7.2) and let dried at room temperature. Afterwards, 25 l of a 1%crystal 159 violet solution was added to the wells for biofilm staining and the plates were incubated 160 for 15 min at room temperature. Microtiter plates were washed by fully immersing in 161 water and allowed to dry in inverted position. Bounded crystal violet was solubilized in 162 8 optical density (OD) of each well at 570 nm using a MicroELISA Auto Reader 164 (Labsystems, Helsinki, Finland) . Each strain was tested in triplicate and a known 165 biofilm-producer strain (S. aureus CECT 4013) was included as a positive control in all 166 assays. The biofilm assays were performed on duplicate. 167
d)
Lysogeny determination. The presence of resident prophages in the S. aureus 168 strains was checked after mitomycin C induction. Mid-exponential phase cultures were 169 obtained for each strain and mitomycin C (Sigma-Aldrich, St. Louis, USA) was added 170 at a concentration of 0.5 µg ml -1 . Samples were incubated for 4 h at 37 ºC and 171 supernatants filtered and subjected to plaque assay. Each supernatant was tested against 172 all strains. Aliquots (0.1 ml) of stationary-phase host cultures were mixed with 173 appropriate dilutions of individual phage suspensions in 5 ml of molten 2xTY top agar 174 (0.7% agar) and the mixture was poured on 2xTY agar plates (Sambrook et al., 1989) . 175
e)
Siderophore production. The siderophore production in liquid culture was 176 performed following the methodology previously used by Massonet et al. (2006) with 177 some modifications. For the growth of the strains, the RPMI 1640 medium (Sigma) was 178 used. Iron was removed from the RPMI medium by overnight batch incubation with 6% 179 (w/v) sterile Chelex 100 (Sigma) at room temperature. To avoid the reduction in the 180 calcium and magnesium levels by the chelating effect of Chelex, the medium was 181 afterwards enriched with filter sterilized solutions of CaCl 2 (0.07 mM) and MgSO 4 (0.7 182 mM). S. aureus strains were inoculated in the iron-depleted medium and incubated for 183 24 h at 37 °C in an orbital shaker. Then, the strains were subcultured (1%) in the same 184 
Results and Discussion
206
Genetic diversity. Twenty strains of S. aureus from mastitis (10 from human and 207 10 from bovine cases) and 10 strains that were not involved in infections (five from 208 breast milk of healthy women and five from bulk tank milk) were included in the study. 209
Except for GRA16 and AC11 isolates from bulk tank milk, all the strains could be 210 individually distinguished by PFGE genotyping since each strain generated a different 211 band pattern. Three main clusters were observed in the dendrogram obtained by 212 computer assisted analysis (Fig. 1) . Clustering of the strains was not apparently based 213 on the host or pathogenic origin. Strains from human mastitis were distributed along the 214 three clusters and showed diverse genotypes. On the contrary, most of the isolates from 215 bovine mastitis (8 out of 10) showed closely-related pulsotypes and grouped together in 216 the same cluster. The existence of common or similar genotypes among S. aureus 217 isolated from bovine mastitis has been previously reported and could reflect a long-term 218 persistence into the bovine mammary gland (Anderson & Lyman, 2006) . The strains 219
were also typed by MLST analysis, and the results were in accordance with those 220 obtained by PFGE ( Fig. 1 ) even though different pulsotypes were observed within 221 strains grouped in the same ST. Seven out the 10 isolates causing bovine mastitis 222 grouped into ST97/ST352-CC97 and two strains were related to ST151. These lineages 223 are rather prevalent among bovine mastitis isolates from different countries (Smith et al., 224 2005; Herron-Olson et al., 2007; Rabello et al., 2007; Sung et al., 2008) and seem to be 225 adapted, not only to the mammary gland, but also to the bovine environment. This 226 adaptation would explain their presence also among the strains obtained from bulk tank 227 milk. Human mastitis strains presented higher diversity than the bovine ones belonging 228 up to 7 different CCs, including the newly described ST1598-CC154 and the singleton 229 ST1597. Some strains of human origin, including those isolated from healthy women, 230 belong to CC5 and CC30. These clonal complexes have previously been related to S. 231 aureus infections in humans but were also associated to asymptomatic human carriers 232 (Wertheim et al., 2005; Rabello et al., 2007; Sakwinska et al., 2009 ). This could 233 indicate that some S. aureus mastitis infections in breastfeeding women may derive by 234 own carriage strains and host predisposal factors might be also important in the 235 development of lactational mastitis. 236
Presence of potential virulence genes. Multiple properties of S. aureus contribute 238 to its virulence. In this study, the presence of 18 genes encoding a variety of potential 239 virulence factors was determined by PCR (Fig. 2) , and the results are shown in Table 2 . 240
Statistical analysis was only applied to 11 out of the 18 genes, since hla, hld, fnbA, clfA, 241
icaA were present in all the strains and pvl-S/F, se-adej were absent in all of them. 242
Significant differences between strains isolated from human and bovine cases of 243 infectious mastitis were observed for two genes; cna and hlb genes, encoding a collagen 244 adhesin and the β-hemolysin, respectively, that were more common in the bovine than 245 in the human group (10/5 strains, Fisher's exact test P = 0.033, for cna gene and 8/1 246 strains, Fisher's exact test P = 0.006, for hlb gene). No significant differences were 247
observed in the rest of tested genes, even though the occurrence of blaZ gene (encoding 248 resistance to β-lactams antibiotics) was higher among the human strains (9 versus 4 249 strains, P = 0.057). Pyrogenic toxin superantigens genes such as those encoding the 250 toxic shock syndrome toxin (tst) and the exfoliative toxin (eta) were found in a small 251 number of strains independently of the source, while the pvl-M/F gene, implicated in the 252 damage of host defense cell membranes, was present in four bovine strains. The 253 important role of these toxins in bovine mastitis has been previously reported and the 254 presence of the leukocidin M/F variant has been described as characteristic of bovine S. 255 aureus strains (Fueyo et al., 2005; Yamada et al., 2005; Monecke et al., 2007) . When 256 bacterial strains from clinical and non clinical origin were compared, presence of sirB 257 gene (encoding an iron-siderophore transporter) was found to be associated to strains 258 isolated from cases of infectious mastitis independently of their human or bovine origin 259 (Fisher's exact test, P = 0.008). 260
Antibiotic resistance. Regardless of their origin, all the strains were sensitive to 262 gentamicin (2 g ml -1 ), tetracycline (4 g ml -1 ), nitrofurantoin (32 g ml -1 ), 263 mupirocin (4 g ml -1 ), streptomycin (1,000 g ml -1 ), clindamycin (0.5 g ml -1 ), 264 imipenem (0.12 g ml -1 ), rifampin (1 g ml -1 ), trimethoprim/sulfamethoxazole 265 (1/38 g ml -1 ), fosfomycin (16 g ml -1 ) and teicoplanin (0.5 g ml -1 ). Most of the 266 strains from cow's bulk tank milk and healthy women were susceptible to the lowest 267 among the strains involved in human mastitis (Table 3) . A significant difference was 274 detected for penicillin resistance between isolates from human and bovine cases of 275 infectious mastitis (Fisher's exact test, P = 0.020). Three out of the 10 strains recovered 276 from bovine mastitis were ampicillin resistant, in contrast to seven out of 10 obtained 277 from human mastitic milk, even though the difference was not statistically significant 278 (Fisher's exact test, P = 0.101). In concordance with these results, the mecA gene was 279 not detected among the mastitis-related strains and the presence of the blaZ gene was 280 higher among the human isolates from mastitic milk (Fisher's exact test, P = 0.057). 281
This enhanced antibiotic resistance of human S. aureus has been previously described 282 (Reinoso et al., 2008) and might be a consequence of higher antibiotic pressure in 283 human hosts. 284
Hemolysis. All the non-infectious strains displayed a non hemolytic behaviour on 286 sheep blood agar plates. In contrast, most of the isolates from bovine mastitis cases 287 (8/10) showed a complete lysis of the red blood cells surrounding the colony causing a 288 clearing of the blood from the medium, while only four of the strains from human 289 mastitis presented this type of hemolysis (Table 4) (Table 4) in contrast with only three out 10 non-infectious 302 strains. However this difference was not statistically different (Fisher's exact test, P = 303 0.245). In parallel, the potential for biofilm production was determined by a quantitative 304 assay using microtiter plates and the results are shown in Table 4 . Globally, the 305 adhesion to polystyrene plates was low when compared with a positive control 306 (OD 570 1) in spite of the fact that all of them contained the gene icaA. There was not a 307 statistically significant difference in the ability to form biofilm in vitro between the 308 strains associated to bovine and human mastitis (Kruskal Wallis test, P = 0.070).
( Melchior et al., 2006; Oliveira et al., 2006) but the phenotypic expression of this 311 property can be influenced by numerous factors such as the method, or the growth 312 media and conditions used in the assay. Discrepancies between slime production, 313 biofilm formation in vitro, and the presence of the ica gene have been previously 314 reported in bovine S. aureus (Vasudevan et al., 2003) . 315 316 Presence of prophages. The incidence of lysogenic strains was investigated since 317 many genes associated with virulence factors in S. aureus can be encoded by mobile 318 genetic elements such as bacteriophages. Lysogeny was observed only in two of the 10 319 strains isolated from human milk supplied by women with mastitis and in one strain 320 from milk of a healthy woman (Table 4 ). In contrast, phages were detected in most 321 strains from bovine origin, with the exception of strain SA1 isolated from bovine 322 mastitis and strain GDC3 from bulk tank milk. Globally, lysogeny was associated more 323 frequently to bovine than to human mastitis-causing strains (Fisher's exact test, P = 324 0.006). Some authors have proposed that lysogenization of a strain with phages carrying 325 pvl genes may transform a non-virulent strain into a pathogenic one (Melles et al., 2004; 326 Yamada et al., 2005) . In this study, positive isolates for the long-known Panton-327
Valentine leukocidin gene (pvl-S/F) were not detected but presence of the more recently 328 described leukocidin M/F-PV like gene (pvl-M/F) was revealed in three of the lysogenic 329 strains isolated from bovine mastitis infections. This gene was originally described on a 330
prophage (PV-83) and has been associated frequently with mastitis-causing strains in 331 different ruminants (Rainard et al., 2003; Yamada et al., 2005; Monecke et al., 2007) ,. 332 siderophores may facilitate the establishment of infection. Different siderophores have 336 been characterized in S. aureus including iron-uptake ABC transporters (Dale et al., 337 2004) . The production of siderophores was highly variable among the strains tested 338 (Table 4) , but it was significantly higher in the strains involved in mastitis than in the 339 non-infectious group (Kruskal Wallis test, P = 0.039). In concordance with this result, 340 the presence of sirB gene (encoding an iron-siderophore transporter) was also found to 341 be associated to mastitis-causing strains (Fisher's exact test, P= 0.008). 342
No clear association could be observed between the strains from human and bovine 343 mastitis studied, except for siderophore production. In fact, some properties of the 344 strains seemed to depend on their source. The human mastitis strains were characterized 345 by a higher resistance to antibiotics, specifically to β-lactams. Although the small 346 sample size is a clear limitation of this work, and further studies involving a larger 347 number of strains will be required to confirm these results, this is the first time, to our 348 
